The results suggest that TRPV4 in the oral mucosa is nociceptor of peripheral hyperalgesia, and pERK expression in the Sp5C is closely related with central hyperalgesia of the nociception. Furthermore, pERK-IR cells of the central 5HT nervous system are activated to accelerate 5HT release for neuronal modulation of the descending pain modulatory system in response to nociception.
Introduction

Transient receptor potential (TRP) vanilloid 4 (TRPV4) is a Ca
2+
-channel receptor and a member of the TRP superfamily 1) . TRPV4 is widely found in keratinized epithelial cells, the lung, brain, smooth muscle cells and vascular endothelium, and is activated by hypotonocity, thermal (27°C-35°C) stimulation, low pH, 4α-phorbol 12,13-didecanoate (4α-PDD), and arachidonic acid (AA) etc. [2] [3] [4] [5] [6] [7] [8] [9] . TRPV4 expression evoked by hypotonic stimulation under the existence of inflammatory media (e.g. prostaglandin E 2 : PGE 2 ) incited C-fiber activity consequently eliciting thermal hyperalgesia 10, 11) . A recent study has observed a wide-spreading distribution of TRPV4 in brain and in particular in the hippocampus, which is a structure closely related with mnemonic formation 12) . Activation of TRPV4 at 37°C depolarized the resting membrane potential in hippocampal neurons by allowing cation influx, and thus increased the excitability of neurons 12) . There have been studies on TRPV4, however, its localization in oral mucous membrane, and reception and transmission of noxious stimulation resulting hyperalgesia are not completely understood.
A recent study has elucidated that regulation of TRP channel expression was activated by mitogen-activated protein kinase (MAPK) of the intracellular signal transduction pathway 13) . Another study observed that activated extracellular signal-regulated kinase (ERK) took part in increasing TRPV1 by induction of tumor necrosis factor (TNF) α (an inflammatory cytokine) expression in the dorsal root ganglia (DRG) 14) . On the other hand, activation of ERK in the dorsal horn (DH) also induced an increase in the expression of certain neurotransmitters and receptors associated with hyperalgesia and allodynia 15) . Further, a recent study has reported that activation of ERK affected the serotonin (5-hydroxytryptamine; 5HT) in the nervous system of the descending pain modulatory system by facilitating 5HT biosynthesis to evoke central hyperalgesia 16) . The studies suggested that ERK, TRP superfamily and central 5HT nervous system are possibly affiliated with nociception, neuronal transmission, central hyperalgesia and descending pain inhibition evoked by nociceptive stimulation of peripheral tissues [16] [17] [18] [19] . However, details concerning the relationships between them were not elucidated.
Our previous study on the TRPV1 ligand by application of capsaicin (CAP) on intermolar region of the dorsal lingual eminence (IDLE) has demonstrated ERK activity in brainstem of rats 20, 21) . The study observed a statistically significant increase in phosphorylated ERK (pERK) in the spinal trigeminal nucleus caudal part (Sp5C) of the experimental group, and therefore surmised that there was a plastic change occurring in the modulatory system of brainstem by the noxious CAP stimulation 21) . In the present study, we aimed at the expression of TRPV4 -which is not reactive to CAP-, and studied reception and neuronal transmission followed by formalin (FOR) stimulation of rat oral mucous membrane. For elucidation of the expression of pERK and TRPV4, central 5HT nervous system affected by TRPV4 nociception, and the neuronal transmission and pain inhibition evoked by FOR stimulation of the IDLE, we investigated, compared and statistically analyzed the significance of expression of 1) TRPV4 and 5HT (an inflammatory mediator) in oral mucosa, 2) TRPV4 and pERK in brainstem, and 3) TRPV4, pERK and 5HT in the central 5HT nervous system.
Materials and Methods
Materials and methods for the present study were summarized in the Flowchart.
Animal preparation
Male Wistar rats (250 g body weight; Japan SLC, Shizuoka, Japan; n=6) were used in this study. The protocol was approved by the Animal Research Committee of Osaka Dental University (No. 07-02021: Investigation of transient receptor potential vanilloid (TRPV) subfamily expression in oral cavity -mechanism and significance-) and implemented in accordance with the ethical guidelines for investigation of experimental pain in conscious animals of the International Association for the Study of Pain 22) .
Experimental and control groups
After anesthesia of the rats with sodium pentobarbital (70 mg/kg; i.p.), the IDLE of rats was stimulated with filter paper discs (diameter=2 mm) soaked with either 10 μl 0% FOR (normal saline, room temperature: RT, pH= 7.2; n=3; control) or 10 μl 5% FOR (RT; pH=4.0; experimental) for 5 minutes. The rats were euthanized and transcardiac-perfused with 100 ml of saline solution followed by 4% chilled (0°C-4°C) paraformaldehyde in 0.1 M phosphate buffer (PB) at pH 7.4 following the conventional methods.
Tissue preparation and immunohistochemical analysis
The tongues and brainstems were dissected, placed in the same fixative (tongue: 2 hr; brainstem: 24 hr), and then transferred to 30% sucrose (w/v) in 0.1 M PB for 48 hr for cryoprotection. The tongues and brainstems were cut into sections (tongue: 10 μm; brainstem: 30 μm) at -20°C with a Leica CM3050S cryostat (Leica Microsystems, Wetzlar, Germany), and then serially transferred to multi-well tissue culture plates containing 0.1 M Trisbuffered saline (TBS). Frozen sections of each tongue and every sixth section (between -7.22 mm and -15.66 mm; distance from the bregma) of each brainstem were collected and processed for immunohistochemical study of the TRPV4, 5HT and pERK expression in the specimens.
The free-floating sections were treated with 0.1 M PB (pH 7.4) containing 0.75% Triton X-100 (1 hr) and 0.1 M PB containing 3% goat serum (30 min), immunoreacted with primary and secondary antibodies. The horseradish peroxide reaction was developed in distilled water containing 0.05% 3,3'-diaminobenzidine tetra hydrochloride (DAB; 2 min, RT), 0.2% nickel sulfate and 0.01% hydrogen peroxide by using an Elite ABC kit (Vector Laboratories, CA, USA). The IDLE specimens were counterstained with 1% methyl green (5 min, RT, MERCK, Germany). The IDLE and brainstem sections were mounted on slides, air-dried, dehydrated in a graded ethanol series, cleared in xylene, and cover-slipped.
The specimens were examined and photographed with an Olympus BX41 light microscope (Olympus, Tokyo, Japan) mounted with an Olympus FX380 3CCD digital camera system (OS: Windows XP, Microsoft, CA, USA). The immunoreactive neurons in the midbrain periaqueductal gray (PAG: from -7.22 to -8.82 mm; bregma), dorsal raphe nucleus (NRD: from -7.22 to -9.36 mm; bregma), raphe magnus nucleus (RMg: from -9.90 to -11.52 mm; bregma), raphe pallidus nucleus (RPa: from -9.90 to -14.22 mm; bregma), nucleus of the solitary tract (NTS: from -11.52 to -15.66. mm; bregma), raphe obscurus nucleus (ROb: from -11.70 to -14.22 mm; bregma), lateral reticular nucleus (LRt: from -13.14 to -14.94 mm; bregma), area postrema (AP: from -13.68 to -14.22 mm; bregma), spinal trigeminal nucleus caudal part (Sp5C: from -13.68 to -15.66 mm; bregma) and the medullary reticular nucleus (Md: from -13.68 to -15.66 mm; bregma) were counted 23) . TRPV4-and 5HT-immunoreactive (IR) cells in 10 areas (area=20 × 20 μm 2 square) of each IDLE, and TRPV4-, pERK-and 5HT-IR neurons in specimens of the control and experimental groups were counted with a FLvFs soft ware (Flovel Image Filling System, Tokyo, Japan) of the FX380 system. Data of the IR cell/neuron counts in the IDLE and brainstem of both the control and experimental groups were recorded, summarized and statistically analyzed by using Student's t-test (significance: p < 0.05; Excel 2000, Microsoft, USA) by a MSWindows XP personal computer (see Flowchart). (Table; Fig. 1 )
Results
TRPV4-and 5HT-IR cells in the IDLE
Control group
Distribution of weakly-stained TRPV4-IR cells was localized in stratum basale of IDLE giant conical papillae (Fig. 1A) . In contrast, weakly-stained 5HT-IR cells were also indistinct in lamina propria of the IDLE mucosa (Fig. 1C) .
Experimental group
TRPV4-IR cells were observed clearly in all epithelial layers and in particular in stratum basale of the IDLE (Fig. 1B) . On the other hand, 5HT-IR cells were distinctly found in lamina propria of the IDLE mucosa (Fig.  1D) .
Statistic analysis
Statistically significant differences of the expression of TRPV4-IR cells (degree of freedom: DF=15, p < 0.01) and 5HT-IR cells (DF=18, p < 0.01) were found between the control and experimental groups (Table) .
The results showing significant increase of TRPV4-and 5HT-IR cells in the IDLE suggested that the FOR nociceptive stimulus induced 5HT expression to maintain and enhance TRPV4 activity in the inflammatory IDLE. (Table; Fig . 2 ) Statistically significant differences of pERK expression were demonstrated in the RMg (DF=6, p < 0.05), Sp5C (DF=22, p < 0.05) and Md (DF=17, p < 0.01) between the control and experimental groups (Table; Figs. 2A and 2B). In addition, we observed many pERK-IR neurons in the nucleus of the NTS and AP of either . 1A ), the experimental group (Fig. 1B) demonstrates distinctive TRPV4 activity in particular in stratum basale (arrows; Fig. 1B ) of giant conical filiform lingual papillae.
pERK-IR neurons in brainstem, and pERK-and TRPV4-IR neurons in the Sp5C
In the control group, weak immunoreaction is obtained 5HT in lamina propria of the IDLE mucosa (arrows; Fig. 1C ). In contrast, 5HT-IR cells are distinctly found in lamina propria of the IDLE mucosa in the experimental group (arrows; Fig. 1D ). the control or experimental group. However, no statistic significance between the two groups was observed (Table; NTS: DF=44, p > 0.05, AP: DF=6, p > 0.05).
The histology was impressed that the number of TRPV4-IR neurons were slightly little than pERK-IR neurons in the Sp5C (Figs. 2A and 2C) . pERK-IR neurons were distinctly observed in dorsal (more in rostral than in caudal) part of the superficial layer of the Sp5C (Fig. 2B) . The expression of TRPV4 and pERK showed significant differences (TRPV4: DF=10, p < 0.05; pERK: DF=22, p < 0.05) between the control and experimental groups (Table) . The findings in particular showed similar distribution with a significant increase of pERKand TRPV4-IR neurons in the peripheral Sp5C. This indicated that a rise in TRPV4 activity affected the pERK expression in the Sp5C continuous with the DH.
Statistical analysis of distribution of 5HT-IR neurons
in brainstem (Table; Fig. 3 ) Differences of 5HT expression were significantly observed in the RMg (DF=6, p < 0.01), RPa (DF=15, p < 0.01) and ROb (DF=12, p < 0.05) between the control (Fig. 3A) and the experimental (Fig. 3B) groups (Table;  Fig. 3C ). No significant differences of 5HT-IR neurons in the NRD were found, however, 60% increase of the experimental group was noticed (Table; Fig. 3C ). 
μm). A: Control group (0% FOR). B: Experimental group (5% FOR). C: Mean numbers of 5HT-IR neurons in the brainstem (Error bars: S.E.M).
In the control group (Fig. 3A) , a few 5HT-positive neurons are distributed in the RMg and RPa. In contrast, 5HT-positive neurons (arrows) are significantly increased in the RMg and RPa in the experimental group (Fig. 3B) . Differences of 5HT expression are significantly observed in the RMg, RPa, and ROb between the control and the experimental groups ( Fig. 3C ; *: p < 0.05, **: p < 0.01). The analysis indicates that a 60% increase in 5HT-positive neurons in the NRD of the experimental group.
By inference with the findings of pERK and 5HT activity in brainstem, the results summarize that an increase of ERK activity (pERK; DF=6, p < 0.05) enhances 5HT secretion (DF=6, p < 0.01) in particular in the RMg of the experimental brainstem (Table; Fig. 3 ).
Discussion
The expression of TRPV4-and 5HT-IR cells in the IDLE
Nociceptive stimulation of peripheral tissue increases an activated electric current by infiltration of inflammatory mediators including 5HT and PGE 2 , and then induces a fall (from 43°C to 35°C) of temperature threshold of TRPV1 activity 24, 25) . On the other hand, TRPV4 gave rise to C-fiber activity under co-existence of inflammatory mediators including PGE 2 and hypotonic stimulation 10, 11) .
In the present study, we stimulated the IDLE with an inflammatory agent of hypotonic FOR (pH=4.0), and observed significant differences of TRPV4 distribution in the IDLE between the control and experimental groups (Table; DF=15, p < 0.01); TRPV4 usually shows optimal activity under pH 4.0 environment 6) . In contrast, we found a statistically significant increase in 5HT-IR cells in IDLE lamina propria of the experimental group (Table; DF=18, p < 0.01). The present results indicated that there were specific FOR inflammatory reactions with distinct increase in distribution of TRPV4-and 5HT-IR cells in the experimental IDLE; the similar histology has been described in a previous study concerning TRPV1, which is of the same TRP superfamily with TRPV4, in peripheral tissue of FOR stimulation 25) . On the other hand, a study has stressed that TRPV4 expression was affected by certain crosstalk occurring between osmotic pressure and temperature changes, and mentioned that inflammatory acidosis, inflammatory mediators and H + ions were also factors regulating microenvironments to favor TRPV4 activity 10) . The nociception gave rise to AA isolation from the cell membrane, and resulted in PGE 2 production to activate an intercellular signal pathway concerning TRPV4 phosphorylation in a cascade maintaining TRPV4 activity eliciting hyperalgesia/peripheral sensitization 13, 26, 27) . Another study has elucidated that inflammatory mediators including bradykinin (BK), substance P (SP), PGE 2 , 5HT and histamine cooperated to cause TRPV4-induced hyperalgesia 28) . The same study also observed that PGE 2 and 5HT particularly cooperate to bring about the hyperalgesia mediated by the cyclic adenosine 3',5'-monophosphate (cAMP) pathway 28) . Our previous study demonstrated TRPV4 and SP showing similar localization in oral mucosa 29) . The present results indicated that FOR stimulation enhanced TRPV4 nociception of the IDLE leading to peripheral hyperalgesia 28, 30) .
pERK-IR neurons in brainstem, and pERK-and TRPV4-IR neurons in the Sp5C
Some studies have reported that acute nociception in CAP and FOR stimuli of peripheral tissues (e.g., rat hind paw) increased secretion of neurotransmitter such as SP in DH nerve endings, as well as noticed an increase in ERK phosphorylation mediated by neurokinin-1 receptors in the DH I and II 0 31-34) . Subsequently, ERK was activated to induce an increase in DRG TRPV1 by TNFα activity 14) . TRPV1 distributed in primary afferent presynaptic terminals has been elucidated to play a role in activating Ca 2+ influx, and release of glutamic acid and SP of nerve fiber 14, 27, 35) . The studies hinted at that acute inflammatory nociception of peripheral tissues evoked ERK activation of secondary neurons to raise TRPV1 activation 14, 27, 35) . On the other hand, a recent study has observed that the immunoreactive TRPV4 was coexpressed with protease-activated receptor 2 (PAR 2 ), calcitonin gene-related peptide (CGRP) and SP in superficial laminae I and II of the DH containing nerve fibers from the pseudounipolar DRG neurons 30) . It was also noted that PAR 2 -agonist sensitized TRPV4 Ca 2+ signals and currents of the primary afferent presynaptic terminals. The same study also mentioned that 4α-PDD and hypotonic solutions stimulated SP and CGRP release from the spinal DH 30) . Our previous study on CAP nociceptive stimulation of the IDLE observed a significant increase of pERK-IR expression in the NTS 21) . In the present study, we did not observe a significant increase in NTS pERK-IR expression evoked by FOR stimulation of the IDLE (DF=44, p > 0.05). In contrast, we observed significant increase in the number of pERK neurons (DF=22, p < 0.05) in the Sp5C, which is a structure showing similar histology and continuous with the DH [31] [32] [33] [34] . The present study on FOR nociception of the IDLE observed a significant increase in the expression of TRPV4 and pERK of the Sp5C, showing similar histology of our previous study on TRPV1-and pERK-IR in the Sp5C evoked by CAP stimulation of the IDLE, and thus suggested that a rise in TRPV4 and TRPV1 activity affected the pERK expression in the Sp5C alike 21) . This increase also indicated that there was a mechanism of central hyperalgesia evoked by peripheral nociceptive stimulation 21) . However, the present (FOR) study showing different histology with our previous (CAP) study in the NTS reflected that there were different receptors activated by FOR stimulation of the IDLE, because essentially TRPV1 is but TRPV4 is not a ligand of CAP.
One study on c-Fos expression in brainstem evoked by CAP stimulation of lingual dorsal mucosa has elucidated a distinct increase in the nucleus of NTS but a discrete distribution in the reticular formation, which contains the Md situated between the Sp5C and NTS; the structure receives kinds of sensory information connecting to the autonomic nerve nuclei including thalamus and hypo-thalamus 36) . Some studies have pointed out that vomiting reflex elicited by AP via NTS was evoked with neuronal inputs either directly or indirectly onto the trigeminal nerve by CAP nociceptive stimulation of nasal and oral mucous membrane 36, 37) . Our previous study on CAP nociception of lingual mucosa observed a distinct pERK but indistinct c-Fos expression in the NTS, and therefore it was assumed that there was an active informational input via NTS towards the AP, which was functionally a chemoreceptor trigger zone 21, 36, 38, 39) . Some studies further mentioned that divisions of the lingual nerve projecting to the NTS also activate the chorda tympani converging towards the lateral aspect of NTS rostrum, hence interactions between the two nerves possibly occur by CAP stimulation 36, 40, 41) . However, nerve fibers from NTS secondary neurons of the lingual and chorda tympani nerves direct via the dorsal trigemino-thalamic tract and medial lemniscus, respectively; both eventually distribute into the ventral posteromedial nucleus (VPM) of thalamus 36) .
Expression of 5HT-IR neurons in brainstem
The brain contains a central 5HT nervous system which plays an important part in the descending pain inhibitory system 42) . Activation of ERK in the 5HT nervous system promoted conversion of tryptophan hydroxylase (TPH; a 5HT synthetic enzyme) into 5-Hydroxytryptophan (5-HTP), and thus increased 5HT production to induce central hyperalgesia of DH neurons by activating 5HT3 receptors in the DH 16, 25, [43] [44] [45] . Another study further reported that activation of ERK in the DH increased the expression of neurotransmitters and related receptors, and therefore induced hyperalgesia and allodynia 15) . Neuronal input from the PAG, lateral rostral ventromedial medulla (RVM), and collaterals of the central RVM 5HT neurons induced an increase in the release of 5HT by nociceptive stimulation of peripheral tissues 46, 47) . On the other hand, the RMg nucleus of the RVM has been reported to be a structure mainly composed of 5HT neurons; it sends out nerve fibers descending with the dorsolateral funiculus (DLF) towards the DH to induce primary sensory nerve fiber endings to secrete neurotransmitters for inhibiting secondary neuron activity, and thus analgesia develops 46) . A recent study of Lmx 1b f / f /p mice, which lacking the central 5HT nervous system, has reported an enhanced pain reaction, and it was postulated that the system took an important part in analgesia evoked by FOR/CAP stimulation 45) . In the present study, we observed significantly different distribution of pERK-IR neurons in the RMg (DF=6, p < 0.05), Sp5C (DF=22, p < 0.05) and the Md (DF=17, p < 0.01) of the medullar reticular formation in the FORstimulated experimental group. We noticed a 34% increase of pERK-IR cells in particular in the PAG (DF=5, p > 0.05) of the experimental group, however, no significant differences in the midbrain PAG, NRD (DF=6, p > 0.05), RPa (DF=28, p > 0.05) and the ROb (DF=23, p > 0.05) located dorsally at a same level of the RPa were demonstrated between the experimental and control groups. On the other hand, a significant increase in the 5HT-IR cells of the RMg (DF=6, p < 0.01), RPa (DF= 15, p < 0.01) and ROb (DF=12, p < 0.05) of the FORstimulated experimental group was observed. This summarizes that an increase of ERK activity enhances 5HT secretion in particular the RMg (pERK: DF=6, p < 0.05; 5HT: DF=6, p < 0.01) of the central 5HT nervous system.
On-cells, off-cells and neutral-cells of the RVM neurons were differentiated by the specific property of pain transmission (i.e., promotion, inhibition and unchanging) in the DH, respectively. However, a recent study has reported that the RMg was a functional circuit showing fluctuation in activity of on-cells, off-cells and neutral-cells by 5HT expression changes in the RVM 48) . Although the central 5HT nervous system has been found to be totally composed of neutral-cells, the present study speculated that the increase in 5HT expression of the system also affected the activity of on-cells and offcells 49) . We observed that FOR stimulation of the IDLE evoked an increase in pERK-and 5HT-IR neurons of the central 5HT nervous system, and summarized that the expression of TRPV4, pERK and 5HT also activates the descending pain modulatory system. However, since details of the descending pain modulatory system are still unclear. Further studies to clarify interactions of TRPV4, pERK and 5HT in the Sp5C, and how they affect on-cell, off-cell and neutral-cell promotion performance (central hyperalgesia) and inhibition (descending pain inhibition) of pain will be our next goal.
